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THEXPDDYNAMIC EQUILIBFEA I N  PLANETARY ATMOSPHEBES* 
E l l i s  R .  Lippincott, Richard V .  Eck, Margaret 0 .  Dayhoff and Carl Sagan 
Abstract 
From present information on the composition, pressures, and temperatures 
of planetary atmcspheres, we have calculated the expected thermodynamic equi- 
librium composition of the atmospheres of the Earth, Venus, Mars, and Jupi te r .  
Departures from thermodynamic equilibrium must be a t t r ibu ted  t o  spec ia l  mech- 
anisms, including, on the Earth, biological  ac t iv i ty .  The major consti tuents 
of the t e r r e s t r i a l  atmosphere are found t o  be i n  approximate thermodynamic equi- 
librium; while many minor constituents have abundances exceeding t h e i r  equilibrium 
values, there  i s  a marked tendency f o r  equilibrium t o  be restored. It appears 
that the atmospnere of Venus is ki % h e x ~ * ~ z c t - ~ c  eq~2l-ihr?1.~; while that of 
Jup i t e r  i s  not.  The evidence for Mars i s  less conclusive, although not  incon- 
s i s t e n t  with thermodynamic equilibrium. For none of these planets i s  there a 
molecular species with a large predicted equilibrium abundance and spectro- 
scopically accessible absorption features which has not been already ident i f ied .  
The predicted equilibrium abundances of oxides of nitrogen are extremely l o w  
on a l l  planets.  
CH4, N?, and CO are a l l  inconsistent with the poss ib i l i ty  of elemental carbon 
o r  organic molecules i n  contact with the atmosphere of Venus e i ther  on the  
surface o r  as clouds. The poss ib i l i ty  of small quant i t ies  of oxygen on b r s  
is *io% exclnLc2. >!P szggest + . h R t .  the colored materials a t  t he  Jovian clouds 
a re  organic molecules, prodwed by ncn-equilibrium processes i n  a reducing 
environment. 
The measured upper l i m i t s  on the abundances of Cytherean 
If the  Cytherean atmosphere evolverd from an or iginal  gas mixture much 
more reducing than the  present mixture, two processes a re  required t o  achieve 
the  unique contemporary composition: 
e f f i c i e n t  reaction of atmospheric oxygen with reduced surface materials. 
addition, Venus must have begun i t s  evolutionary his tory with a [C/O] abundance 
r a t i o  s 0.5, a value consistent with several cosmic abundance estimates. 
t he  loss of hydrogen t o  space, and the  
In  
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TIIERMODYNAMIC EQUILIBRIA IN P-ARY ATMOSPHEXES 
E l l i s  R.  Lippincott, Richard V. Eck, Margaret 0. Dayhoff and Carl Sagan 
1. Introduction 
It i s  not known how closely the  gross chemical composition of planetary 
atmospheres i s  approximated by thermodynamic equilibrium of the consti tuents.  
I n  the upper reaches of planetary atmospheres, where the op t i ca l  depth a t  
u l t rav io le t  frequencies i s  small, re lat ive molecular abundance may be dominated 
by photodissociation and recombination. In the lower portions of the atmospheres, 
which are shielded from photodissociating u l t rav io le t  raditLiioii, a e l c s z r  n_pymx- 
imation t o  thermodynamic equilibrium can be expected. Especially where surface 
temperatures are high o r  when catalysts  such as water are present, there w i l l  
be a st rmg tendency for the  degradation of molecules t o  the lowest energy 
state. 
of specif ic  compounds -- mechanisms such as  u l t rav io le t  radiation or l ightning 
-- the thermodynamic equilibrium dis t r ibut ion of reaction products should be 
G, u s e f u l  f irst-order approximation. Since +Ais : q ~ i l i h r l n m  s t a t e  i s  independent 
of par t icu lar  reaction mechanisms and reaction rates, and since the computations 
of equilibrium states are quite straightforward, studies of thermodynamic 
equilibrium chemistry would appear pre&quisite t o  considerations of non- 
equilibrium processes. 
Even in the presence of special  mechanisms which favor the production 
One of the e a r l i e s t  examples of a f r u i t f u l  argument from thermodynamic 
equilibrium i n  planetary atmospheres was provided by W i l d t  (1937), who pointed 
out t h a t  the absence of detectable amounts of higher hydrocarbons, both satu- 
ra ted and unsaturated, i n  the atmospheres of the Tovian planets w a s  an argument 
f o r  the presence of a great excess of molecular hydrogen, a gas which had not 
been detected a t  that time. Further indirect  evidence f o r  the presence of low- 
mass consti tuents i n  the Jovian atmosphere was provided by observations of the 
occultation of 0 Arietus, by Bum and Code (1953); but not u n t i l  f a i r l y  
recently were the quadrupole l ines  of I$ observed d i r ec t ly  i n  the photographic 
infrared (Kiess, Corliss,  and Kiess, 1960). 
large abundance of carbon dioxide on Venus that subs tan t ia l  quant i t ies  of 
CH4, N&., €$, N20, and other oxides of nitrogen would not be expected on t h a t  
planet.  
i n  the Martian atmosphere was s e t  by Sagan, X3anst and Young (1965) i n  a discus- 
sion of combined photochemical and thermodynamic equi l ibr ia .  
Urey ( l g p ) ,  while performing thermodynamic equilibrium calculations i n  a 
planetary atmospheres context, s t ressed the poss ib i l i t y  of s ignif icant  depar- 
tu res  from thermodynamic equilibrium. 
Urey (1959) has argued from the 
A very low upper l i m i t  on the allowed abundance of oxides of nitrogen 
Wildt (1937) and 
Some more recent studies have suggested t h a t  thermodynamic equilibrium 
calculations may, under cer ta in  circumstances, be a useful approximation t o  
r e a l i t y .  Y k i i i i & . j i i G r L c  e~LLihr5i.m calculations by Dayhoff , Lippincott, and 
Eck (1964) f o r  the re la t ive  abundances of a large number of compounds of 
biological  i n t e re s t  have been performed under a wide var ie ty  of assumed con- 
di.tions of temperature, pressure, and elemental composition. These machine 
computations have revealed a poss ibie -mclm~isl= f o r  %he abiological formation 
of polycyclic aromatic hydrocarbons (asphaltic t a r s )  and have shown the ex is t -  
ence of an oxidation threshold where free  oxygen appears and a t  which a l l  but 
the qimF1est organic compounds disappear. 
have recently cal led a t ten t ion  t o  a rwmrkable agreement between the d i s t r ib -  
ution of organic compounds observed i n  the carbonaceous chondrites, and as  we 
predicted from thermodynamic equilibrium calculations i n  the range of elemental 
abundances where asphal t ic  t a r s  are  expected. This success has encouraged us 
t o  extend theraodynamic equilibrium calculations t o  planetary atmospheres. 
Studier,  Hayatsu, and Anders (1965) 
2. Methods of Calculation 
Our computational procedures have been described previously (Dayhoff, 
Lippincott ,  and Eck, 1964) following a well-lmown method (White, Johnson, and 
Dantzig, 1958) which minimizes the free  energy of the system, simultaneously 
sa t i s fy ing  the equilibrium constants of a l l  possible reactions. 
t i ons  were performed on an I'BM 7094 computer. 
The calcula- 
-2 - 
A t  thermodynamic equilibrium, the dis t r ibut ion of molecular species i s  
independent of the specif ic  reaction pathways by which equilibrium is at ta ined.  
The m l e c u l a r  balance depends upon the re la t ive  elemental abundances, pressure, 
temperature, and the standard free energies of formation of the compounds. 
I 
I A l l  compounds present i n  s ignif icant  concentrations must be included i n  order 
t o  arrive a t  the correct  molecular dis t r ibut ion.  Fortunately, there are only 
a small number of these major compounds; they are simple in st ructure  and w e l l -  
known t o  chemists. For a real system t o  approach equilibrium, there need be 
only one reversible reaction pathway which leads f r o m  the major consti tuents 
t o  the other  compounds. 
I n  our computations on planetary atmospheres, we explored the en t i re  
range of possible re la t ive  atomic compositions using a large number of molecular 
species i n  order t o  locate any specif ic  ranges of atomic abundances which would 
be simultaneously compatible with a l l  the exis t ing estimates of molecular 
abundances o r  t h e i r  upper limits. The resul ts  are presented i n  ternary diagrams 
which cover a l l  possible proportions of the elements C, H, and 0 .  Compounds 
of nitrogen can a l so  be represected as 8 projection on this diagram. 
astronomical observation of a specif ic  re la t ive abundance f o r  a given molecular 
species w i l l ,  i n  general, define a l i ne  on the teraary diagram. An upper or 
lower concentration l i m i t  w i l l  exclude a cer ta in  area. 
severa l  such coi is t rakts  may operate i n  a mutually inconsistent manner, so t ' i t  
no point on the diagram simultaneously s a t i s f i e s  a l l  observations. 
case, we would conclude that thermodynamic equilibrium i s  not attained i n  t h i s  
atmosphere. On the other  hand, if the application of several  such constraints  
can be performed i n  a consistent manner, yielding a region of the ternary 
diagram simultaneously compatible with a l l  constraints , we might ten ta t ive ly  
conclude t h a t  thermodynamic equilibrium is a useful  first approximation t o  the 
atmosphere i n  question. Each point i n  the allowed region of the  diagram would 
then  correspond t o  a possible 'elemental composition i n  the  planetary atmosphere. 
The calculations would place some upper and lower l i m i t s  on t h e  al'lowable 
r e l a t i v e  abundances of other possible constituents of the  atmosphere. 
The 
The application of 
I n  such a 
-3 - 
3 .  Observational Uncertainties 
The i n i t i a l  conditions f o r  these computations are based upon the r e su l t s  
of astronomical spectroscopy. 
abundances from such observations. The conversion of equivalent widths t o  
absolute abundances requires carefu l  laboratory cal ibrat ions.  Intercomparisons 
of abundances derived f o r  the same molecule a t  d i f fe ren t  wavelengths must allow 
f o r  the poss ib i l i ty  that the effect ive ref lect ing atmospheric l eve l  is a func- 
t i on  of wavelength. Existing observational discrepancies on, f o r  example, the 
abundance of water vapor i n  the atmosphere of Venus (see, e .g., the discussion 
by Sagan and Kellogg, 1963) underscore the uncertainties of such reductions. 
Intercomparisons of the re la t ive  abundances of d i f fe ren t  molecular species i s  
even more uncertain. Determinations of absolute abundances i s  complicated by 
the poss ib i l i ty  of multiple scatijeriiig (scs Chzz5erkirrj 1962; 1565). Obser- 
vations of very weak l ines  of a given molecular species may refer t o  subs tan t ia l  
depths i n  the planetary atmosphere, where u l t r av io l e t  photodissociation i s  not 
a dominant. process. 
alone, where the re la t ive  d is t r ibu t ion  of  molecular species may be fa r  f r o m  
that predicted by thermodynamic equilibrium. However, the species must be 
derivable from some compounds present, extensively i n  the atmosphere. 
It i s  not  a t r i v i a l  matter t o  derive relative 
Observations of strong l ines  may refer t o  high a l t i t udes  
Bearing these cautions i n  mind, we now proceed t o  a diszussior, c?f thermo- 
dynamic equilibrium i n  the atmospheres of the  planets Earth, Venus, Mars, and 
Jup i t e r .  I n  general, the conclusions we w i l l  draw w i l l  not be sens i t ive ly  
dependent on the exact values of the adopted mixing ra t ios  of minor constituents; 
and var ia t ions in  these mixing r a t io s  even by several  orders of magnitude w i l l  
leave most of the resu l t s  unchanged. Thus, despite the uncertainties i n  the 
observational material, it w i l l  nevertheless be possible t o  draw conclusions 
of some significance . 
-4- 
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4. The Earth 
A s  a t e s t  of our computation procedures, we f i rs t  consider thermodynamic 
equilibrium i n  the t e r r e s t r i a l  atmosphere. In  addition t o  i t s  major components, 
the atmosphere of the Earth contains a variety of compounds of diverse or igins:  
methane and smaller amounts of other hydrocarbons from na tura l  gas, petroleum, 
and asphalt; su l fur  dioxide I hydrogen sulfide, carbon monoxide and nitrogen 
oxides from vulcanism; terpenes and other  vo la t i le  organics from vegetation; 
methane, N20, and hydrogen sulf ide from the metabolic processes of microorgan- 
i s m s ;  ozone and nitrogen oxides from lightning and so lar  radiation, e t c .  
Table 1 shows the amounts of some of these compounds which have been detected 
i n  the open a i r .  
- - _  w i i n  t he  i-ekti\*e a t s m i c :  cazps5 t . i  on and physical parameters implied by 
Table 1 
should have i n  thermodynamic equilibrium. The resu l t s  are displayed i n  Table 2 .  
We see t h a t  the re la t ive  abundances of major consti tuents in the t e r r e s t r i a l  
atmosphere are completely compatibie w i t h  theimdynaxic e q z i l i b r i m .  The minor 
consti tuents,  however, cannot e x i s t  a t  thermodynamic equilibrium in  the presence 
of excess oxygen. 
w e  have calculated the chemical composition which the Earth 's  atmosphere 
A t  equilibrium, any carbon in the atmosphere would occur as 
2nd a n y  su l fur  as SO,. Since there is no reason t o  think that less  oxi- 
dized materials are presentiy accumulating i n  the a+aosphere; they must be i n  
approximate dynamic equilibrium, being removed o r  destroyed as fas t  as they 
are being added. 
de f in i t e  tendency f o r  the Earth 's  atmosphere t o  approach thermodynamic equi- 
librium. 
pa r t i c l e s  and droplets suspended i n  the a i r .  This const i tutes  a specific 
example of our general contention t h a t ,  even i n  the presence of special. mech- 
anisms which favor the production of certain specif ic  compounds, the overa l l  
tendency w i l l  be f o r  a planetary atmosphere t o  approach thermodynamic equi l ib-  
rium. If the major components of the atmosphere were methane, hydrogen, water, 
and nitrogen (or ammonia) instead of the present composition, the de t a i l s  of 
the radiation-coupled reactions would be d i f fe ren t ,  but the overa l l  trend t o  
thermodynamic equilibrium would s t i l l  be present. It i s  not obvious a t  w h a t  
- -2' J 
T h a t  is ,  even a t  the prevailing low temperatures there i s  a 
Such 1-eactions are no doubt catalyzed by so lar  radiation and by dust  
-5- 
. .  0 .  
re la t ive  ra tes  unstable prebiological compounds such as amino acids would be 
produced by nonequilibrium processes and degraded by the environment and by 
t h e i r  interact ion with each other.  
The observation of complex, very energetic compounds such as terpenes 
i n  the contemporary atmosphere of the Earth would lead an ex t r a - t e r r e s t r i a l  
observer t o  suspect the existence of l i f e  here. The lack of any obvious simple 
mechanism t o  form terpenes, e i t h e r  by thermodynamic equilibrium a t  some plau- 
s ible  combination of elemental composition, temperature, and pressure, o r  by 
photochemical reactions o r  other  physical processes, would indicate the presence 
of biological  a c t i v i t y  on the Earth -- even i n  the absence of any other signs 
of l i f e .  Even the presence i n  the observed large amounts of much simpler, 
but highly reduced, compounds such as 
would be suggestive of L S e  011 E g r t h .  
5.  Venus 
The adopted i n i t i a l  atmospheric 
constructed f r o m  the references there 
the values adopted f o r  [CO,] , [%O], * 
methane in our oxidizing atmosphere 
c~zipcsi t ion of Venus i s  given i n  Table 3 ,  
given. Some comments should be made on 
and [CO]. The 5% volume mixing r a t i o  of 
CaI=bGfi dioxide adopted i n  our analysis is a f a i r l y  conventional one, derived 
from Spinrad 's ( I 8 i a )  observations, and dependent upon the assumption ikt 
the near infrared CO bands are formed by single scat ter ing.  Chamberlain 
(1965) has recently shown that the introduction of multiple scat ter ing might 
reduce the  CO 
reduction fac tor  i s  a t  the present time unknown. 
fac tors  f o r  multiple sca t te r ing  w i l l  be applicable t o  a l l  other abundances and 
abundance upper limits of Table 3,  and relative abundances of a l l  minor cons t i t -  
uents should be approximately those of Table 3, whether single o r  multiple 
sca t te r ing  i s  assumed. The re la t ive  abundance of the major atmospheric cons t i t -  
2 
mixing r a t i o  by as much as an order of magnitude. The precise 
However, similar correction 
2 
uents -- probably N2, with some admixture of noble gases -- would then vary 
from 95% t o  la rger  values. 
our conclusions. 
Such variations have no s ignif icant  e f fec ts  on 
* 
I n  the following discussion square brackets denote volume mixing r a t io s .  
-6 - 
Reported observations of water vapor in  the spectrum of Venus have been 
made by DoUfus (1964) and by Bottem 
values of the water vapor mixing r a t i o  depend on the  sca t te r ing  mechanism and 
the t o t a l  atmospheric pressure a t  the effective l eve l  of band formation. The 
Plummer, and Strong (1964) The derived 
b 
range of derived mixing r a t i o  values shown in  Table 3 i s  consistent (Sagan and 
Kellogg, 1963; Chamberlain, 1965) with a previous upper abundance l i m i t  on 
wa%er vapor established by Spinrad (1962b). 
observed by infrared spectroscopy i s  primarily i n  the region of the clouds. 
Since there is now f a i r l y  convincing evidence that the clouds a re  condensed 
water (Bottema, P l m r ,  Stong, and Zander, 1964; Sagan and Pollack, l965), 
it is  i n  general inval id  t o  assume that the water vapor mixing r a t i o  i n  the 
v i c in i ty  of the clouds applies t o  the lower Cytherean atmosphere. 
of condensed water i n  the clouds required t o  explain the near infrared ref lec-  
t i on  spectrum of Bottema, Eiumrner, ~ i r w g ,  aii& ~ ~ c $ c r  {1$4!, =-ti a lso  to ex- 
p h i n  the millimeter attenuation of the surface thermal microwave emission, i s  
1 gm cm 
observed pressures and temperatures must have volume mixing r a t io s  of water 
vapor i n  t h e i r  lower reaches of a few times 10 (Sagan and Poiiack, 1965). 
The water vapor mixing r a t i o  may therefore range f r o m  a f e w  time 
v ic in i ty  of the clouds and above, t o  a few times 10 
surface. 
However, the water vapor which i s  
The amount 
-2 o r  less  convective atmospheres which can maintain such clouds a t  the 
-4 
i n  the 
-4 near the Cytherean 
The quant i t ies  of carbon monoxide i n  the spectrum of Venus observed by 
Moroz (l965), if re la ted  t o  a 1 atm pressure l eve l  near the cloudtops, give a 
Volume mixing r a t i o  - 10 . However, CO is  a pr incipal  carbon dioxide photo- 
dissociat ion prgduct, and amounts of carbon monoxide almost comparable t o  
I ” those reported by Moroz may a r i se  from photodissociation (Moroz, 1965; Shimiu, 1963). 
If the observed carbon monoxide abundance i s  s ignif icant ly  in excess of t h a t  
expected fram photochemical equilibrium, then a CO mixirig r a t i o  of 10 
extended dam t o  the lower Cytherean atmosphere. If’, on the other hand, the 
observed carbon monoxide i s  due principally t o  photochemical processes, then 
the carbon monoxide abundance i n  the lower Cytherean atmosphere w i l l  be substan- 
t i a l l y  less. 
-6 
-6 may be 
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we adopt a Venus surface temperature of 7 0 0 " ~ ,  and a s M a c e  pressure of 
I 50 atm (Sagan, 1962; Pollack and Sagan, 1965) 
from these values w i l l  not a l t e r  OUT conclusions s ignif icant ly .  
the calculations peflormed a t  such pressures and temperatures should, because 
of the relative pressure and temperature insens i t iv i ty  of the reaction thresh- 
olds and because of atmospheric convection, be applicable t o  a major f rac t ion  
of the  t o t a l  mass of the Cytherean atmosphere. 
Moderately large departures 
In par t icu lar ,  
A C-B-O ternary diagram is presented i n  Figure 1. The corners of the 
t r iangle  represent pure carbon, pure hydrogen, and pure oxygen. 
of pure carbon dioxide and pure water are  a l so  indicated. 
the C02 and %O points is  an oxidation threshold, which divides the diagram 
in to  an upper, reducing,portion in which sizeable numbers of d i f fe ren t  species 
of orgarlic i i i ~ k c u k s  m y  he expected a t  thermodynamic e q u i l i b r i q a n d  a lower, 
oxidizing,portion, i n  which such molecules are unstable, and i n  which f r ee  
oxygen ex i s t s .  Also indicated i n  Figure 1 i s  the asphal t ic  tar  threshold. 
Above t h i s  l ine ,  polycyclic aromatic hydrocarbons occur a t  thermodynamic 
equilibrium ( i n  the absence of a z s e h n i s m  +.c) form graphite); below it, they 
are  excluded. 
The positions 
The l i ne  connecting 
The ammonia upper abundance l i m i t  of 4 X 
a t  thermodynamic eqiill5ri-am tc! the r e d o n  below the l i ne  marked N 
Figure 1. 
above the  oxidation threshold, and curves away from the carbon dioxide point, 
as  i l l u s t r a t e d .  This one spectroscopic upper l i m i t  therefore excludes most 
of the reducing portion of the ternary diagram. The concentration of ammonia 
varies so rapidly i n  the region of the i l l u s t r a t e d  l i ne  tha t  the width of this 
l i n e  represents several  orders of magnitude i n  concentration -- an example of 
the in sens i t i v i ty  of these calculations t o  exact r e l a t ive  abundances. 
r e s t r i c t s  the atmosphere 
?P 
This l ine  l ies  in the reducing region of the diagram, s l i gh t ly  
-8- 
. - We next consider the upper abundance l i m i t  on methane. This concentration 
yields a curve which closely follows the C-0 edge u n t i l  the C02 point i s  
reached, whereupon it swings away and follows the oxidation threshold. 
Cab curve i s  even more constraining than the 9 curve, and excludes almost the  
en t i r e  reducing portion of the diagram. 
The 
We now consider the constraints  imposed by the water vapor mixing r a t io .  
Figure 1 shows a l i ne  for [ 5 0 ]  = 
diagram, l i e s  very close t o  the C-O edge. 
order of magnitude larger  would l i e  very close t o  the curve shown. 
searches f o r  methane, ammonia, and water have r e s t r i c t ed  the equilibrium 
chemistry of the Cytherean atmosphere t o  a very narrow region of the ternary 
diagram, hugging the C-0  edge throughout the oxidizing region, and extending 
very s l i g h t l y  into the reducing region. 
which, i n  the oxidizing region of the 
The  curves f o r  mixing r a t io s  an 
Thus, the 
I n  Figure 2, where the Venus ternary diagram has been magnified 100 times, 
-6 t h e  l i ne  corresponding t o  a carbon monoxide volume mixing r a t i o  of [ C O ]  = 10 
i s  indicated. Since par t  of the observed carbon monoxide may be due t o  Cog 
photodissociation, the fractioii of car5on m,mxirip relevant f o r  thermodynamic 
equilibrium calculations w i l l  be sonaewhat l e s s  than 10 . The observations 
therefore fu r the r  r e s t r i c t  the ternary diagram t o  the area below the line 
[CO] = lo4. 
AS w i t h  tne  iu"' 3 an6 i'H4 L k e s ,  t k e  --rid-t,h of the C ~ O J  =
responds t o  many orders of magnitude i n  the mixing r a t io .  
-6 
We see that t h i s  l i ne  closely para l le l s  the oxidation threshold. 
l i ne  a c t u a n y  cor- 
The lower side of 
t h i s  l i n e  corresponds t o  the oxygen upper abundance l i m i t ,  8 X lo-'. 
observations ca-. es tab l i sh  any detectable amount (> 10 -16) of co i n  the bwer 
atmosphere, the amount of O2 must be extremely small. 
[O,] 2 8 x 
Cytherean [CO] and [0 1 r e s t r i c t  the thermodynamic equilibrium composition t o  
the  thickness of the thick s lan t  l i n e  i n  Figures 1 and 2. 
If 
Conversely, if 
A t  any r a t e  the  upper limits on then [CO] 5 4 x lo? 
2 
I n  Figure 2 i s  displayed a l i ne  above which a so l id  phase of graphite 
The composition of the atmosphere i s  c lear ly  incompatible with 
Similarly, 
might form. 
s o l i d  carbon in equilibrium i n  the atmosphere o r  on the surface. 
any equilibrium accumulation of polycyclic aromatics, or any other hydrocarbons, 
i s  forbidden, a conclusion reached f o r  a much smaller array of canpounds by 
-9- 
. .  
8 ,  
I 
Mueller (1964). 
re @on excluded 
The asphalt threshold seen i n  Figure 1 l i e s  w e l l  i n to  the 
by the unsuccessful searches f o r  CH4 and N This conclusion 3 
i s  separately confirmed by the CO upper abundance limits, and is independent 
of the quantity of water present. 
t o  SORE models of the Venus atmosphere which invoke hydrocarbon clouds (Kaplan, 
1963). The absence of polycyclic aromatic hydrocarbons from the surface i s  
consistent both with passive observations of the microwave phase e f fec t  and 
with active radar observations of Venus (Pollack and Sagan, 1965). 
This exclusion of hydrocarbons is  relevant 
Table 4 shows the chemical composition of the atmosphere of Venus,at 
two extremes of CO and O2 concentration,predicted from thermodynamic equi- 
librium. 
then there may be as much as [02] = 8 X low5. Wk emphasize again that any 
e r ro r  i n  the relat ive abundance 02 n i t i - o g e ~  -n,7il cav.se negligible deviation 
i n  the relat ive abundance of carbon compounds, and indeed, would have very 
little ef fec t  on the calculated ammonia abundance. A smaller amount of 
nitrogen would only make the ammonia concentration a less severe r e s t r i c t ion  
on the ac tua l  composition (cf.  Figure 1). 
bottom of the table would be formed if  O.OOOl$ sulfur  were added t o  the 
atmosphere. 
If the measured value of CO depends ent i re ly  on photodissociation, 
The consti-buents SiiGwx a t  ?& 
Formaldehyde was once suspected i n  t’ne aiuoqhsre  GT 
but a t  thermodynamic equilibrium with the detected amounts of water and the 
observational upper l i m i t  on methane, the concentration of formaldehyde would 
be negligible. Non-equilibrium reactions i n  simulated Cytherean atmospheres 
a re  known, howeTer, t o  produce formaldehyde (Sagan and M i l l e r ,  1960). 
(KLdt, 1940) 
r 
c 
We now explore some other consequences of the foregoing abundanr-es. 
-6 Possible atmospheric compositions are limited t o  a segment of the LCO] = 10 
curve near ! 4 0 ]  = 10 , as shown i n  Figure 2. The composition of Venus is  
then specified by a segment of one thick l ine  i n  the ternary diagram, near the 
C02 composition point, and s l igh t ly  on the  reducing side of the oxidation 
threshold. This. conclusion i s  consistent with a l l  abundance determinations 
and upper limits, 
-4 
The f a c t  that none of the abservations are mutually 
-10- 
inconsistent suggests t h a t  the atmosphere of Venus is, on the whole, close t o  
t h a t  predicted by thermodynamic equilibrium. 
I n  t h i s  case some remarks can be made on the or iginal  composition and 
subsequent evolution of the Cytherean atmosphere. 
siderations, it i s  c lear  that the atmosphere m u s t  or iginal ly  have had a compo- 
s i t i on  putting it in the extreme right-hand corner of the ternary diagram 
(cf Figure 3) . 
through the escape of atomic hydrogen from the Cytherean exosphere. 
of s ignif icant  quantit ies of carbon o r  oxygen from Venus during geological 
time seems quite unlikely (see, e.g., Sagan, 1966) Any d i f f e ren t i a l  escape 
i s  correspondingly unlikely. 
9f ?enlis evolves depends then on the i n i t i a l  
The cosmic [C/O] abundance r a t i o  has been assigned a vaiue wi' 8.25 
and Urey (1956), while Cameron (1959) has suggested a value of 0.44 and more 
recently (l963), 0.67. 
ceed aiong the l k z s  ers3in-g a t  (31 or  8 (Figure 3), i n  a region where f ree  
oxygen exists . For an i n i t i a l  [C/O] r a t io  of 0.67, the evolutionary t rack 
ends a t  y, in the reducing portion of the diagram. 
ghere of Venus appears t o  have a [C/O] r a t io  that  d i f fe rs  from that of Cog 
by a fac to r  of 10-5 or less. 
between 0.2 and 0.7, the probability that the present r a t i o  WOU be as z l m e  
t o  C02 as it appears t o  be, through no other process but the loss of hydrogen, 
would then be about 4 X log5. 
w e r e  a l so  depleted f r o m  the atmosphere, then over a wide range of initial 
[C/O] r a t io s  t h e  atmosphere would f ina l ly  s e t t l e  a t  the co2 point. 
seems unlikely that oxygen has escaped from Venus, the depletion of atmospheric 
oxygen must be a t t r ibu ted  t o  chemical reactions, and the surface material of 
Venus, init ially I.educing, must nuw be par t ia l ly  cxidized. An independent 
argumnt f o r  the presence of extensive oxygen sinks on the surface of Venus 
has been offered by Sagan (1966), i n  an attempt t o  explain the d i f f e ren t i a l  
abundance of water on Venus and on Earth by d i f f e ren t i a l  ra tes  of hydrogen 
escape . 
From cosmic abundance con- 
The chemical evolution of the atmosphere occurs initially 
Escape 
The t rack along which the atmospheric composition 
carbon-to-oxygen abundance ra t io .  
I 
SESS 
For a r a t io  of 0.20 o r  0.44, the evolution would pro- 
The actual  present atmos- 
the initial atmosphere b d  a C/O r a t i o  anywhere 
T h i s  seems quite unlikXLy. However, i f  oxygen 
Since it 
-ll- 
Typical evolutionary t racks would then have resembled those i l l u s t r a t e d  
by the arrows i n  Figure 3.  
away from the hydrogen corner of the ternary diagram u n t i l  it in te rsec ts  t h e  
oxidation threshold. As soon as free oxygen i s  produced, it combines with 
surface material and the evolutionary t rack turns  abruptly upward, following 
the oxidation threshold toward the C02 point. 
Due t o  loss of hydrogen, the atmosphere evolves 
E the i n i t i a l  [C/O] r a t i o  were 0.44, the i n i t i a l  evolutionary t r ack  due 
t o  the l o s s  of hydrogen would twice in te rsec t  the graphite threshold (c f .  
Figure 3 ) *  There would then be an interlude i n  the evolutionary his tory of 
Venus in which graphite might be present. However, the act ivat ion energy f o r  
the formation of graphite i s  so  great tha t  it would very likely never precip- 
it.8tI.e d i rec t ly .  
intersected the oxidation threshold, whereupon it WOUX tuiii ~2 arnceeii 
towards the  C02 point.  
Such a t rack  would follaw the line marked H+ unti l  it 
LI J-I-- < n i + i a 1  [C/O] r a t i o  were 0.67, the evolutionary t rack  wouici 
follow the line marked HE-y in Figure 3.  This l i ne  in te rsec ts  the graphite 
threshold once, and never crosses the oxidation threshold. The atmosphere 
would then always remain in  the reducing portion of the diagran. 
en& a t  tbe CO 
from the atmosphere. 
of polycyclic aromatics would be expected. 
atmosphere w e r e  possible -- for example, by the precipi ta t ion of graphite o r  
other organic mater ia l  -- the atmosphere would then evolve along the graphite 
l ine  i n  Figure 2. 
composition point, in conf l ic t  with the spectroscopic observations. 
In  order t o  
point, some mechanism must e x i s t  f o r  the removal of carbon 
The asphalt threshold i s  not intersected, so rio formation 
2 
If the removal of carbon f r o m  the 
The composition would end s ignif icant ly  above the ac tua l  
Thus, it is probable t h a t  Venus began i t s  evolutionary his tory with a 
[C/O] abundance r a t i o  S 0.5 and that i ts  evolutionary t rack  in the ternary 
diagram was directed towards t h e  CO 
t o  space and oxygen t o  the surface. 
point by the simultaneous loss of hydrogen 2 
-12- 
Because of the low temperature and relative u l t rav io le t  transparency of 
the Martian atmosphere, the appl icabi l i ty  of thermodynamic equilibrium calcu- 
la t ions  should be more l imited than i n  the case of Venus. The character of the 
equilibrium s t a t e  i s  nevertheless of in te res t .  
and a surface pressure of 50 ab was asiumed for the Martian atmosphere (KapLan, 
Munch, and Spinrad, 1964; Hanst and Swan, 1965). 
of the calculations t o  the precise values of pressures and temperatures apply 
again t o  t h i s  case and a surface pressure of 10 ab would not appreciably alter 
the results. 
atmosphere i s  assumed t o  be approximately go$ molecular nitrogen and noble 
gases. The remainder of the atmosphere is  expected t o  be canpounds of carbon, 
oxygen, nitrogen, an6 -hyiiIwgeLi. Ths aztie5p~~terl  CO- mixing r a t i o  i s  not known 
a t  the present time. I t s  value is  t i e d  closely t o  the value of the absolute 
surface pressure (Kaplan, Munch, and Spinrad, 1964; Hanst and Swan, 1965; 
Chamberlain and Hunten, 1965). 
of suggested values a t  the t i m e  of writing. 
absolute value of the C02 mixing r a t i o  i s  not c r i t i c a l  i n  computations of the 
r e l a t ive  values of the mixing r a t io s  of minor consti tuents.  
A surface temperature of 2h°K 
Our remarks on the insens i t iv i ty  
The assurned atmospheric composition i s  Shawn i n  Table 5 .  The 
isi 
The values of Table 5 cori=eapon& ts t h e  r m g e  
A s  i n  the cas2 of VCGUS, the 
The ammonia upper abundance limit excliidea the hi&iLy red.ucing portion 
of the ternary diagram, as  shown i n  Figure 4. 
mixing r a t i o  imposes a more s igni f icant  boundary condition, r e s t r i c t ing  the 
range of possible atmospheric compositions essent ia l ly  t o  the por t ion  below the 
oxidation threshold, with the exception of a small section of the reducing par t  
of the diagram along the C-0 axis. The carbon monoxide upper l i m i t  places no 
new constraint  on the diagram; the upper limits on oxygen and ozone eliminate 
a region near the oxygen corner of the ternary diagram. The estimate for the 
abundance of water vapor in the Martian atmosphere places the equilibrium com- 
posi t ion along a curve which crosses the oxidation threshold not  f a r  from the 
C02 composition point, quite analogous t o  the s i tua t ion  f o r  Venus. This l i ne  
quickly en ters  the region forbidden by the methane abundance upper limits. 
The upper l i m i t  on the methane 
-13 - 
The composition of the Martian atmosphere is  therefore r e s t r i c t ed  t o  the so l id  
portion of the water l i ne  of Figure 4, encompassing a small region of the oxidi- 
zing par t  of the diagram, and a very small segment, near Cog, in the reducing 
region. 
It has been suggested that various oxides of nitrogen are produced by non- 
equilibrium processes i n  the atmosphere of Mars, and that these oxides of n i t ro-  
gen play a major role  in the t o t a l  chemistry of the atmosphere and surface of 
Mars (Kiess, Karrer, and Kiess, 1960; 1963). 
calculations of the equilibrium abundance of various compounds i n  the f i r t i a n  
atmosphere a t  Even i n  the favorable case 
where oxygen i s  present a s  a major constituent, we see t h a t  the resu l t ing  
B ~ ? ? _ ~ _ ~ S ~ C F ? S  of the oxides of nitrogen are extraordinarily small. 
sions are  consistent with those of Sagan, Hanst, and Young (1$5), &G .;zed z 
much smaller a r ray  of equilibrium reactions than are implici t ly  included here 
and consi6ered 
Tb.e preseni iza.;lts p h c e  the equilibrium upper limit on NO2 several  orders 
of magnitude below the previous calculated values (Sagan, Hanst, and Young, 
1964); and below the most recent observational upper limits (Marshall, 1964) 
by the Sam fac tor .  
In Table 6, we present some 
representative points i n  Figure 4. 
These conclu- 
also pbtochemical production and breakdown of these oxides. 
Further conclusions on the nature of the Martian atmosphere i n  t l i ? m G =  
dynamic equilibrium could be drawn if rel iable  estimates were performed of the 
abundances of such molecules as  CO, CH4, %S, SO 
available a re  consistent with the existence of thermodynamic equilibrium, but 
do not demonstrcte thermodynamic equilibrium. 
of Venus, the escape of hydrogen, plus the depletion of atmospheric oxygen 
(here, e i t h e r  by reaction with the c m t  o r  by escape from the planetary 
exosphere) 
approximately along the oxidation threshold. 
s i s t e n t  with a smll  proportion of molecular oxygen i n  the atmosphere, although 
the atmosphere could a l so  be s l i gh t ly  reducing. 
l ibrium abundance of organic molecules on the Martian surface depends i n  pa r t  
o r  02. The limited data 3’ 
A s  i n  the case of the atmosphere 
could have l ed  t o  an evolutionary t rack  i n  the ternary diagram 
The present infomation i s  con- 
The poss ib i l i t y  of an equi- 
on t h i s  question of which side of the oxidation threshold the t o t a l  atmospheric 
composition l i e s .  
surface a l so  depends 
atmosphere i s  transparent i n  the near u l t rav io le t  (see Sagan and Kellogg, 1963) 
The long-term s t a b i l i t y  of organic molecules on the Martian 
on the rate of u l t rav io le t  photodissociation, if the 
7- Jup i t e r  
The assumed composition of the Jovian atmosphere i s  shown i n  Table 7. 
Because there  i s  no way f o r  water t o  escape from Jupi ter ,  it m u s t  be present 
i n  s ign i f icant  amounts below the v i s ib l e  clouds. A t  the clouds it is forzen 
out because of the low temperatures. 
KO mixing r a t i o  below the clouds i s  comparable t o  that of methane and ammonia. 
In the  clouds it i s  fixed by the vapor pressure of ice .  
equilibrium calculations were carr ied out for iwc s e t s  cf p-essiires and temper- 
atures -- i n  the first case, f o r  a pressure of l a t m  and a temperature of 
208I(, cwresgonding approximately t o  the region of the clouds (Spinrad and 
T~sf+.on; 19623 Owen, 1965); and in  the second case, f o r  a pressure of 1GOO = t m _  
and a temperature of 350'K. 
thesized water droplet  clouds, predicted by Gallet  (1963; see a l so  Wildt, 
Smith, Salpeter,  and Cameron, 1963) 
consti tuents of the Jovian atmosphere a t  %hemodynamic equilibrium are  presented 
i n  Table 8. 
sham. 
hydrogen works t o  greatly reduce the concentration of even simple organic 
molecules a t  thermodynamic equilibrium. 
E thane ,  a l l  oxygen as water, and a l l  nitrogen as ammonia. 
pheric composition gives a point very near 
The r e l a t ive  abundance of molecular nitrogen increases f a i r l y  rapidly with 
temperature, but even a t  350"K, it is s t i l l  a very minor atmospheric consti tuent.  
We have a r b i t r a r i l y  assumed that the  
The thermodynamic 
This point corresponds t o  the l e v e l  ~f t k  Qp- 
The concentrations of .the major resu l t ing  
/ 
The addition of lo-" sulfur, would give the   her z o m t i t i x n t s  
As first  pointed out by Wildt (1937), the large excess of molecular 
Essent ia l ly  a l l  carbon is  present as 
The to ta la tmos-  
the H corner of the ternary diagram. 
-15- 
Despite the extremely b w  computed mixing r a t io s  of even the simplest 
organic molecules, there  i s  nevertheless reason t o  believe that  organic 
molecules may be present i n  the atmosphere of Jupiter. 
t r a s t i n g  colors of the bands, be l t s ,  and spots -- part icular ly ,  the Great 
Red Spot -- surely betoken differences inmolecular composition in the  v i c in i ty  
of the Jovian clouds. 
e q e c t e d  i n  this region, due t o  micrometeoritic infall, it seems unlikely that  
such materials a re  d i f f e ren t i a l ly  dis t r ibuted over the Jovian clouds; a more 
reasonable source of chromophores would appear t o  arise from the major 
atmospheric constituents, and therefore, be organic materials (see e .g., Urey, 
1952; Sagan, 1963). Experiments attempting t o  simulate the Jovian atmosphere, 
i n  which a mixture of the major gases i s  supplied with energy from a corona 
discharge, have succeeded i n  producing such simple organic molecules as  
EN, C$CN, C2%, C2H4, and C&  sag^ uiL Xlk~, l$Q) 
products may be br ight ly  colored. 
of l i f e  on Earth, mixtures of materials which are in e f fec t  simulated Jovian 
environments ha,= been subjected t o  a wide a r ray  of energy sources, ai& mgmiic 
molecules have been consis tent ly  produced i n  high yield, provided only tl-j j-b 
the  over-all  conditions were reducing (see, e .g., Fox, 1965) 
charges and s o b r  u l t r av io l e t  l i gh t  -- both t o  be expected i n  the v i c in i ty  of 
the Jovian clouds -- will lead t o  the prodiction of organic molecules i n  
abundances far greater  than those expected from themodyma-dc zqdi,L55rim 
considerations . 
The br ight  and con- 
While some small concentration of minerals may be 
Their interact ion 
Indeed, in experiments relevant t o  the or igin 
Elec t r ic  dis-  
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TABU 1 
ADOPTED CIIEMICAL COMPOSITION AND PHYSICAL PARAMETERS OF THE 
TEFWSTFUIL ATMISPHERE ( V O W  MIXING RATIOS ARE DISPLAYED) 
0.2095 O2 
0 3 
52 
to 10-7 
5 x 10-7 
0.7808 
-n  
5 x t o  2 x 
3.30 
“4 1.5 X 
A 
He 
1 x 
-6 5.2 x i o  
Pressure 
Temperature 
1.0 a t m  
280‘~ 
(References : Allen 1963; Hutchinson 1954) 
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TABIE 2 
TIIERMODYNAMXC EQUILIBRIUM CCWOSITION OF TIE TERRESTRIAL 
ATMOSP€IE€E, COMPUTED FRIM THE TOTAL EIEMEXTAL COMPOSITION OF TART3 1" 
N2 
I O2  
A 
%2O 
c02 
so 3 
" 0  
NO,- 
3 
2 
s02 
N2° 
0 zone 
0.78 
0.21 
0.01 
1.0 N-3 
3.33 
-6 i ?( ic) 
5.1 x 10-l' 
6.2 x 
2.9 10-l7 
4.1 x 
8.6 x 
3.8 x 
6.6 x 
co 
Benzene 
Formic acid 
" 
Met he no1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
* -35 A mixing ratio of zero is an abbreviation f o r  a value < 10 . 
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TABIE 3 
ADOPTED CHENICAL COMPOSITION OF THE CYTHEREAN ATMOSPIIERF: 
( V O W  MSCING RATIOS ARE DISPLAYED) 
O2 
H2O 
N02 
N2° 
NE5 
c02 
co 
cH4 
c2H4 
”% 
HCHO 
Pressure 
Temperature 
- 50 a t m  
700OK 
(References : Kuiper 1952; Spinrad ig62a, 196213; Sinrad and Richardson, 
1965; Bottema, Plummer, and Stron 1964; Dollfus 1964; Sagan and 
Pollack 1965 ) 
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THEPhDDYNAMIC E&- COMPOSITION OF TIIE CYTIEEREAN ATMOSPHERE, 
COMPUTED FROM TOTAL ELEMENTAL COMPOSITION OF TABU 2* 
Compound 
O2 
c02 
co 
Oxidizing L i m i t  
8 x 
4 x 10-l7 
5 x lo-2 
Reducing Limit  
1 x 10-~5 
N2 
K 
HCN 
iT0 
N02 
N2° 
"O3 
0 
Methane 
Ethane 
Formic Acid 
Formaldehyde 
Methanol 
Acetic Acid 
Methyl Amine 
Acetylene 
Benzene 
3 
Asphalt 
s02 
3 so 
0 
3 x 10-9 
2 x 10-10 
2 x lo-* 
2 x 10-l5 
5 x lo-21 
0 
0 
7 x 
0 
-26 - 
Compound 
cos 
C$SH 
%?s04 
TAU 4 (Cont.) 
Oxidizing Limi t  
0 
0 
0 
2 x 10-l7 
Reducing Limit  
)c 
TWO extreme systems, [COI = low6, [021 = 10.~5 and [CO] = 4 x 10”7, 
[0 ] = 8 X low5 are shown. The hypothesized sulfur mixing r a t io  of 
10 has a negligible e f fec t  except on compounds containing sulfur. 2-6 
-27- 
ADOPTED CHEMlCAL COMPOSITION OF TEE MARTVLN ATMOSPHERE 
(VOULTME MIXING RATIOS ARE DISPLAYED) 
0 3 
Iiro 
N2 
NO2 
N2° 
9 
s02 
H2s 
cos 
cH4 
c2H4 
'2'6 
E H O  
Pressure 
Temperature 
- 0.05 atm 
2h°K 
(References: Kaplan, Munch, and Spinrad 1964; Owen and Kuiper 1964; 
Hanst and Swan 1965; Chamberlain and Hunten 1965; Marshall 1965) 
-28- 
TAm 6 
TIIEFWDYNAMIC EQUUSBRIUM COMPOSITION OF Tm MAItrylw AWSPIIERE, 
COMPUTED FROM THE C O M P O S ~ I O N  OF TAW 5* 
N2 
c02 
O2 
H2O 
cH4 
c2% 
% 
co 
'6% 
Em 
E O O H  
C$COOH 
C i p i  
NE5 
N02 
3 I3NO 
No 
N2°4 
%O 
N03 
N2°5 
Oxidizing C a s e  
0 .& 
0 -09 
0 
0.09 
1 x 10-5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Sl igh t ly  Reducinq 
Case 
0-90 
0 e 1 0  
3 x 10- 
1 x 10-5 
0 
1 x lo4 
5 x 
0 
0 
0 
0 
0 
0 
0 
-29- 
N2°3 " 
s03 
s02 
%s 
(cH35>2so 
cs2 
5 9 O 4  
cos 
C$SH 
TABLE 6 (Cont .) 
Oxidizing Case 
6 X 
0 
-6 1 x 10 
6 ios2 
0 
0 
8 x 
Sl ight ly  Reducing 
Case -
0 
1 x lo+ 
3 x lo'= 
* 
Two extreme systems, one with [O,] = 0, the other with [021 = 0.09 -- 
corresponding t o  the point P i n  Figure 4 -- are  displayed. 
highly oxidizing conditions favor the presence of oxides of nitrogen, 
but even then their predicted equilibrium abundances are miniscule. 
The m o r e  
-30- 
TAEEE 7 
K 
I I2O 
N02 
NES 
cH4 
c2H6 
C3N% 
c2H2 
He 
Ne 
Pressure 
Temperature 
ADOPTED CHEMICAL COMPOSITION OF THE JOVIAN ATXISPHERE 
(VOUME MMING RATIOS AFE DISPLAYED) 
0.36 
0.03 
1 atm 
200’ K 
(References: Kuiger 1952; Spinrad and Trafton 1963; Over- 1965) 
0.60 
- 1 x 1 0  
< 3 x 
-4 
2 
5 x 10-3 
< 1.2 x 
-4 < 3  x 1 0  
< 6 x 
0.36 
0.03 
350’K 
1000 atm 
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. .  
' *  . 
TAFU 8 
THERMODYNAMIC E Q U I U m  COMPOSITION OF T B  MAJOR CONSTlTUFdTS OF TBE JOVIAN 
I ATMOSPBERE, COMrmTED FROM THE ELEMENTAL COMPOSlTTION O F  TABLF: 7* 
EI2 
I He 
N e  
cH4 
H2O 
KS 
I 
High 
o .60 
0.36 
0.03 
5 x 10-3 
2 lo-4 
1 x 
-6 1 x 10 
-23 3 x 10 
6 x io-22 
2 x lo-28 
2 x 1 0 - 3 ~  
0 
0 
0 
Deep 
0.60 
0.36 
0 
0 
. 
* -6 For the sulfur compounds, addition of [SI = 10 was a s s m d .  
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